We present a chemical vapor deposition (CVD) method for the growth of uniform single-walled carbon nanotube (SWNT) arrays on a stable temperature (ST)-cut single crystal quartz substrate using a mixture of methanol and ethanol as carbon source. It is found that introducing methanol during the growth can improve the density and the length of the well-aligned SWNTs in the arrays as well as increase the SWNT/quartz interaction. Obvious "up-shifts" of G-band frequencies in the Raman spectra have been found for the aligned SWNTs. A welldesigned control experiment shows that the G-band "up-shifts" originate from the strong interaction between SWNTs and the quartz substrate. It is believed that exploring this interaction will help to elucidate the growth mechanism; ultimately, this will help realize the promise of controlling the chirality of SWNTs.
Introduction
Recently, horizontally aligned single-walled carbon nanotube (SWNT) arrays have been heavily studied for their promise in potential applications, including high-frequency transistors [1] , radio frequency analog electronics [2] , field effect transistors [3] , and polarization-sensitive near-field probes [4] . Compared with other approaches such as selfassembly [5] , electrospinning [6] , and direct growth approaches with the assistance of an electric fi eld [7] and feed gas flow [8, 9] , the surface lattice-guided growth of SWNTs on single crystal substrates has been an important advancement because of the high density well-aligned nanotube samples it produces [10 16] .
It is believed that the nanotube/substrate interaction, which involves the nanotube/lattice or nanotube/atomic steps interaction, plays an important role in the observed nanotube alignment on single-crystal substrates [11, 12] . Our recent work also shows that the nanotube/substrate interaction is crucial and necessary for the growth of a signifi cantly enhanced fraction of semiconducting SWNTs on Nano Res (2009) 2: 903 910 ST-cut quartz [17] . But until now, little work has been done for investigating the mechanism of the nanotube/substrate interaction. Most of the work that has been reported is based on molecular simulation, as direct proof is lacking. One possible reason is that the nanotube/substrate interaction has little infl uence on the electrical and spectral properties of SWNTs, which make the direct characterization and observation of this interaction diffi cult.
In this article, we present a method to observe the strong interaction between the nanotubes and a quartz lattice. In our experiments, a high ratio of methanol: ethanol was used as the carbon feed gas for the growth of high-density (~20 SWNTs/μm) and long (~1 mm) SWNT arrays on stable temperature (ST)-cut single crystal quartz substrates. Raman measurements were used to characterize the interaction between the aligned SWNTs and the quartz surface. Raman characterization of the samples shows that the strong interaction can cause obvious G-band "up-shift" of the SWNTs from 1590 cm 1 to around 1610 cm 1 . It is believed that this strong interaction originates from the matching of C atoms in the sidewall of the SWNTs with the Si and O atoms in the quartz lattice [12] ; this may also play an important role in the selective growth of semiconducting nanotubes reported earlier [17] .
Experimental
The substrates were ST-cut single-crystal quartz wafers (36º Y-cut) obtained from Hoffman Materials Inc. and used without any further treatment. 200 proof (99.5%) ethanol was purchased from Fisher Scientifi c and used as the catalyst precursor solvent and as carbon precursor. 99.9% pure methanol was purchased from Fisher Scientific and used as the other component in the carbon precursor. Polyvinylpyrrolidone (PVP) with an average M w ca. 55000 and 99% pure anhydrous CuCl 2 were purchased from Aldrich Chemical Company, Inc. and Acros Organics, respectively. A CuCl 2 (1.0 mmol/L)/PVP (10 mmol/L) alcohol solution was used to deposit catalyst onto the substrate. The growth experiments were performed in a 1-inch tube furnace at 900 ºC. The catalyst patterning and growth processes were similar to the method reported previously [17] . Typically, the substrate with catalyst precursor deposited on it was annealed in air at 750 ºC for 10 min to remove the PVP in the catalyst precursor. Then, the substrate was heated to 800 ºC and kept for 15 min in a fl ow of hydrogen (750 standard cubic centimeters per minute (sccm)), followed by chemical vapor deposition (CVD) growth of SWNTs at 900 ºC in a flow of hydrogen (750 sccm) and argon (600 sccm, through a methanol bubbler and 150 sccm, through an ethanol bubbler). After 15 min growth, the sample was cooled to room temperature and inspected by scanning electron microscopy (SEM), atomic force microscopy (AFM), and Raman spectrometry.
The transfer process of the SWNTs from quartz to Si, SiO x /Si and quartz wafers was similar to the method reported previously [17] . Briefly, a drop of 8% poly(methyl methacrylate) (PMMA) solution (A4) was spin casted on SWNT/quartz to form a PMMA layer. After this, the PMMA/SWNT/quartz substrate was baked at 160 ºC for 10 min and immersed in boiling KOH (1 mol/L) aqueous solution for 40 min. The PMMA/SWNTs film was then peeled off from the substrate. Then, the PMMA/SWNTs film was washed with nano-pure water and carefully picked up with the other substrates. The angle between the aligned SWNTs and the [100] lattice direction on a quartz substrate can be controlled accurately in the pick-up process. Lastly, the PMMA/SWNTs/ substrate was baked at 160 ºC for 10 min and then washed with acetone and water. The SWNTs transferred onto the trenched quartz were parallel to the [100] direction of the lattice. In contrast to other methods [18] , our transfer method is metal-free. The SWNTs transferred onto other substrates were shown to be clean and well aligned. 
Results and discussion

Growth of SWNT arrays with a high ratio of methanol:ethanol
Our previous results showed that perfectly aligned SWNT arrays consisting almost exclusively of semiconducting nanotubes can be grown on ST-cut single crystal quartz substrates [17] . The density of the aligned SWNTs in the arrays was ~5 SWNTs/μm. It was observed that the introduction of methanol can enhance the ratio of semiconducting SWNTs in the arrays. Herein, we present an improved CVD method using a higher ratio of methanol:ethanol (600 sccm through a methanol bubbler and 150 sccm through an ethanol bubbler) as carbon feed gas during growth. Using these conditions, it was found that higher-density and uniform SWNT arrays can be grown on ST-cut single crystal quartz substrates. Figure 1 displays the SEM and AFM images of SWNT arrays grown on the ST-cut quartz. The nanotubes are distributed uniformly along the [100] direction over the whole surface with a density as high as ~20 SWNTs/μm. The density of the aligned SWNTs is so high that it is diffi cult to distinguish the isolated SWNTs on the surface when the magnification of the SEM images is below 150000X. A possible reason for the increased density could be the OH radicals coming from methanol, which can etch amorphous carbon and keep the catalyst nanoparticles from being poisoned. This would result in more catalyst nanoparticles being active during growth. Such a high-density and uniform SWNT array can be used directly as an anisotropic thin-fi lm conductor. Also, we found that the average length of the SWNTs grown with a high ratio of methanol:ethanol can be of the order of mm. Earlier research showed that the aligned SWNTs grown from methane or ethanol using Fe as catalyst have an average length of ~200 μm [12] . This work shows that the length of the SWNTs can be improved dramatically using a higher ratio of methanol:ethanol as carbon precursors. show that the density of the SWNTs grown from ethanol can be as high as 22 SWNTs/ μm, but the average length is only about 500 μm [14] . So we believe the higher density and longer length of the nanotubes grown here originate from the high ratio of methanol introduced into the growth process. We believe that, at high temperatures, the OH radicals from methanol can etch amorphous carbon on the catalyst and thus keep it active during SWNT growth [19] . Therefore, the length of the SWNT can be increased by these long-lived catalyst nanoparticles. However, it should be noted that the length of the SWNT from surface-guided growth cannot be as long as that from flowdirected growth. Surface defects, unreacted nanoparticles, and other SWNTs can all terminate the growth of aligned SWNTs grown on surfaces. Nevertheless, the fabrication of mm long SWNT arrays can still expand the potential applications of aligned SWNTs to include antennas [20] .
Resonant Raman spectroscopy (RRS) characterization
RRS has been proven to be a powerful tool for revealing the remarkable structure and the unusual electronic and phonon properties of SWNTs [21] . Here, RRS has been used to characterize the SWNT arrays grown on ST-cut quartz using a high ratio o f m e t h a n o l : e t h a n o l a s c a r b o n precursors. The spectra in Fig. 3 were obtained using a 633-nm excitation laser line at 10 different spots over the substrate. Figure 3(a) shows the radial be found in Fig. 3(a) ; these RBM peaks correspond to semiconducting nanotubes as predicted from the socalled Kataura plot [21] . The observation is in good agreement with our earlier results [17] . Figure 3(b) shows that the G-band features of the SWNTs in the arrays on quartz. Interestingly, obvious "up-shifts" of the G-bands with G + frequencies between 1605 cm 1 and 1615 cm 1 can be found in the spectra. No upshifts of G-bands were found on SWNT samples grown on Si wafers with thermal oxides side by side with the quartz substrates. This indicates that the strong SWNT/quartz interaction is likely the main reason for this observed up-shift. In order to study the mechanism responsible for the up-shifts, we transferred the aligned SWNT arrays onto SiO x wafers and characterized them by RRS. Figures 4(a) and 4(b) present the SEM images of the aligned SWNTs transferred onto SiO x wafers. The alignment of the SWNTs in the arrays is still perfect and essentially no changes were found after the transfer process. Figure 4( , which is similar to that shown in Fig. 3(a) . Interestingly, as shown in Fig. 4(d) , the aligned SWNTs transferred onto SiO x demonstrate G-band frequencies between 1589 cm 1 and 1593 cm 1 as is observed from SWNTs directly grown on SiO x surfaces. It is obvious that the "upshift" of the G-bands disappeared after the SWNTs were transferred onto the SiO x substrate. The same phenomenon was found when the aligned SWNTs were transferred onto a Si substrate. Therefore, we have confirmed that the "up-shift" of the G-band frequencies originates from the strong interaction Although the mechanism of the G-band "upshifts" caused by the affi nity interaction is not fully understood, we present the following hypothesis. The G-band of SWNTs consists of two components, one centered at 1590 cm 1 (G + , associated with carbon (where k is the force constant). The strong interaction between the SWNT and quartz substrate may deform the SWNT on quartz; this deformation of the SWNT results in the deformation of C C bonds, which may increase the value of k c c . The edge of the SWNT was structurally deformed dramatically, which may cause the obvious "up-shift" of the G-band. Also, the bottom layer of the deformed SWNT has a similar structure to monolayer graphene on this substrate. A monolayer of graphene always shows peaks in its Raman spectrum at ~1615 cm 1 because of its affi nity to the substrate [22] . When the SWNTs were transferred onto SiO x , the affi nity force between the SWNTs and the quartz lattice disappeared. As a result, the structural deformation and the "up-shifts" of the G band peaks disappeared simultaneously. Further theoretical modeling is underway to investigate this hypothesis.
Conclusions
In summary, we present a CVD method for the growth of high-density, long, and uniform SWNT arrays on ST-cut single crystal quartz substrates using a high ratio of methanol:ethanol as carbon feed gas. It was evident that introducing a higher ratio of methanol:ethanol during growth can improve the density and length of the well-aligned SWNTs in the arrays. The density of these nanotubes can be as high as 20 SWNTs/μm and the length can reach around 1 mm. Furthermore, applying a high ratio of methanol: ethanol during growth significantly increases the interaction between the SWNTs and quartz. This is evident from the obvious "up-shifts" of the G-band frequencies of the aligned SWNTs in their Raman spectra. It is believed that the G-band "up-shift" originates from the C C deformation induced by the strong SWNT/quartz interaction. We believed that the results presented here represent important progress toward an understanding of the growth mechanism of aligned SWNTs on single crystal substrates. Through this increased understanding and by utilizing the ability to manipulate the affi nity force between the nanotube and the substrate, it is hoped that high quality nanotubes with fi nely tuned characteristics can be produced for nanoelectronic applications. Additional remark: A few days before the submission of this manuscript, we became aware of a related new publication from Prof. Shim's group in University of Illinois at Urbana Champaign [23] . Their work shows that shifts in the Raman spectra of SWNTs grown on quartz can be attributed to differences in thermal expansion coeffi cient between the nanotubes and the quartz. These explanations, however, seem inconsistent with our results shown in Fig. 5 and Fig. S-2 . All the SWNTs in Fig. 5 and Fig. S-2 were transferred onto the quartz surface and no cooling step was involved in the transfer process. So we are more inclined to believe that the shifts of the Raman spectra origin from the strong interaction between the nanotubes and the quartz.
